Abstract: Among new energy systems, fuel cells are electrochemical devices transforming chemical energy directly into electrical energy. In our previous works, MWCNTs (the multi walled carbon nanotubes) supported palladium anodic electrocatalysts for DFAFCs (direct formic acid fuel cells) have been studied. MWCNTs can be modified by appropriate oxides, for example, cerium oxide, zirconium oxide and N-doped titanium dioxide, to enhance the electrocatalytic performance of the catalysts. But the oxides and the defects of the acid oxidized MWCNTs, denoted as AO-MWCNTs, can cause the electron capture and reduce both the catalyst conductivity and the catalysts activity. In order to improve the conductive properties of the support, in the present work a conductive polymer was introduced to modify the surface of carbon nanotubes. PANI (polyaniline) has a long-chain structure and conjugated structure and exhibits good conductivity, high stability, and is non-toxic. After PANI modification, AO-MWCNTs can provide efficient electronic conduction network. In this study, PANI modified AO-MWCNTs were prepared via polymerization process. AO-MWCNTs were homogeneously coated with PANI to obtain composite with weight ratio 50:50 PANI to MWCNTs. The thickness of the PANI layer was 4-9 nm. It was shown that the photosynthesis process is a better method to reduce Pd on PANI/AO-MWCNTs than by using NaBH 4 . By adjusting pH value to 9, during preparation of Pd/PANI/AO-MWCNTs composites by X-ray irradiation process, smaller Pd particles were obtained and PANI deprotonation was avoided which explains better activity of this composite in formic acid electro oxidation.
Introduction


The energy obtained from renewable fuels, such as hydrogen, methanol, ethanol and formic acid, which will not cause environmental pollution, is usually referred to as green energy. The fuels are used in fuel cells in which electricity is generated with energy efficiency up to 70% compared to 30-40% for combustion engines [1] [2] [3] [4] [5] . Nano hybrid materials play an important role in enhancing fuel cells efficiency. As the metal particle size decreases the surface area increases. In a fuel cell, the electrochemical reaction rate is usually proportional to the electrochemically available surface area, so the activity increases with decreasing of the particle size. Manufacturing catalyst with nano size metal particles and high dispersion is a challenge for the application of nanotechnology in the fuel cells area.
In the electrocatalysis, carbon supported catalysts are commonly used. Carbon nanotubes became the most frequently used support since their discovery by Iijima in 1991 [6] [7] [8] [9] [10] . Besides the nano size, they have many advantages such as large surface area, good heat conductivity and electronic conductivity and provide good access for the reactants [11] [12] [13] [14] [15] . That is the reason why carbon nanotubes found many applications, such as field emission display, hydrogen storage, nano probe, transistor, and nano clamp, etc.
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Synthesis and Characterization of PANI-MWCNTs Supported Nano Hybrid Electrocatalysts 2 [16] [17] [18] [19] [20] . Recently carbon nanotubes have been employed in biotechnology and energy conversion including the application in fuel cell catalysts [21] [22] [23] [24] .
In our labs, we studied a series of Pt and Pd catalysts supported on MWCNTs (the multi walled carbon nanotubes) for DMFCs (direct methanol fuel cells) and DFAFCs (direct formic acid fuel cells). Some metal oxides modification of MWCNTs can enhance the electrocatalytical performance. The series of studies include Pt/CeO 2 /MWCNTs [25] , Pt/NiO/MWCNTs [26] , Pd/CeO 2 /MWCNTs [27] , and Pd/ZrO 2 /MWCNTs [28, 29] . Addition of the second metal (Au) to Pd, to form Au-Pd solid solution, can also increase the catalyst activity of the formic acid electro oxidation and prevent Pd leaching in acid solution [30] .
Recently, various conducting polymers have been used as a support of electrocatalysts [31, 32] . One of them is PANI (polyaniline), which has three main distinguishable oxidation states, namely, the fully reduced (leucoemeraldine), the half oxidized (emeraldine), and the fully oxidized (pernigraniline) state, with virtually an infinite number of possible oxidation states existing in between. Protonation of the polymer, also known as doping, is the mechanism by which polyaniline becomes electrically conductive [33] . The classical chemical synthesis involves the direct oxidation of aniline monomers by chemical oxidants. It can be synthesized by anodic oxidation of aniline monomers on an inert electrode. Recently, some researchers developed X-ray synthesis to obtain PANI nanofibers [34] .
In this study, the conductive polymer, PANI, has been used to modify the surface of MWCNTs to form a composite applied as a support of Pd catalysts for formic acid electro oxidation. The purpose of this work is to improve the electrical conductivity of the composites by forming a PANI-MWCNTs network with enhanced effective electron transfer, as illustrated in Fig. 1 .
High pH environment during the deposition of palladium can help the formation of small particle size. However, polyaniline deposition has to be carried out in acidic solution to maintain it high conductivity. Pd/PANI/MWCNTs composites were prepared in wide pH range to find the optimal condition. Their structures, compositions and electrocatalytical performance were studied.
Experimental
Multi-walled carbon nanotubes (Yong-Zhen Technomaterial CO., LTD, China) of purity 98%~99% were first refluxed in nitric acid (Merck, 65%) for 9 hours to remove the impurities and to introduce functional groups improving hydrophilicity. The acid treated MWCNTs were then filtered, washed by deionized water (Mili-Q system, resistivity 18. 
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PANI/AO-MWCNTs with weight ratio of 50:50 were obtained by filtering and washing with diluted sulfuric acid.
Pd/PANI/AO-MWCNTs were prepared by the two methods described below. In order not to destroy PANI, further heat treatment was not applied.
Reduction by NaBH 4
50 mg of the prepared supports, AO-MWCNTs or PANI/AO-MWCNTs were dispersed in 50mL of DI water. After mixing with stoichiometric amount of PdCl 2 , 0.1M NaBH 4 was added dropwise, and reaction was continued for 2 hours with stirring. The product, denoted as Pd/PANI/AO-MWCNTs-NaBH 4 , was obtained by filtering, washing by DI water and dried.
X-Ray Photosynthesis
PANI/AO-MWCNTs and PdCl 2 precursor solution were mixed in 15 mL of DI water and Pd was deposited using photo-reduction method, in Taiwan National Synchrotron Radiation Center in Hsinchu, Taiwan, by subjecting the sample to hard X-ray radiation for 30 minutes with rigorous stirring. The products were obtained by centrifuging and washing with DI water to remove Cl -, and dried. The mechanism of X-ray synthesis to prepare palladium hybrid catalysts is illustrated in Fig. 2a . By irradiating water, a number of strong reducers, including H, e aq -and H 2 , are generated, and metal precursor is reduced rapidly [35] . The scheme of the photosynthesis process is shown in Fig. 2b . XRD (X-Ray Diffraction), SEM (Scaning Electron Microscopy), and ICP-OES (Inductively Coupled Plasma Optical Emission Spectroscopy) (Perkin Elmer Optima-2000 DV) were used to characterize the structure, composition, and morphology of the hybrid nanoparticles. The electrochemical performance of the Pd based catalysts was tested by CV method in a three-electrode system using CHI Model 6081C potentiostat/galvanostat instrument. The catalyst ink for the working electrode is composed of 5 mg of catalyst, 0.05 mL, 5% Nafion solution (DuPont Fluoroproduct, DE-2021), 5 mg carbon black (Vulcan XC-72), and 5 mL ethanol. The well mixed ink is dropped onto a glassy carbon disc (Toyo Tanso, IG-45, 9.0 µΩm) and dried in 85 o C. The prepared working electrode had Pd loading about 0.1 mg/cm 2 which was exactly determined by ICP-OES. In the experiment, Ag/AgCl was used as the reference electrode, and a Pt grid was the counter electrode. A mixture of 3 M formic acid and 1 M sulfuric acid was used as the electrolyte. The scan range was -0.2 to 1.0 V and the scan rate 10 mV/sec. The measured current was then normalized by the measured Pd weight.
Results and Discussion
The SEM morphologies of the synthesized PANI/AO-MWCNTs with various ratios are shown in Figs. 3a-3c . In Fig. 3a , the acid treated MWCNTs have the average diameter of 23 nm and more than 1 µm length. In Fig. 2 (a) The photosynthesis mechanism and (b) the experimental setup of the photosynthesis process. AO-MWCNTs increases to 30-40 nm, then is homogeneously covered by PANI with less film like structure. The diameter of PANI modified AO-MWCNTs increases to 30-40 nm. Then the thickness of the PANI film coated on AO-MWCNTs can be evaluated to be 4-9 nm. The FTIR (Fourier Transform Infrared) spectra in Fig. 3d show the characteristic peaks of PANI stretching mode; C-N stretching is found at 1,000-1,350 cm -1 . At the range of 500 to 800 cm -1 , the peaks can be assigned to the PANI 1, 4-ring and 1, 2-ring substitutions and may be smoothed as a result of PANI interaction with AO-MWCNTs [34] . Because PANI/AO-MWCNTs 50:50 have better morphology which is similar to our original illustration in Fig. 1a , Pd was then deposited onto PANI/AO-MWCNTs 50:50 via different methods and denoted as Pd/PANI/ AO-MWCNTs. The presence of deposited Pd on the hybrid supports has been confirmed by XRD.
Synthesis and Characterization of PANI-MWCNTs Supported
The CV result of the Pd/PANI/AO-MWCNTs via reduction by NaBH 4 is shown in Fig. 3e . The maximum current at 0.5 V is assigned as the oxidation current of formic acid catalyzed by Pd. The currents for potentials in the range between 0.1 V to 0.9 V with maximum at 0.5 V are assigned to the oxidation current of formic acid catalyzed by Pd. For Pd/PANI/AO-MWCNT-NaBH 4 , the current density is less than 30 mA/mg Pd after 20 CV cycles. The Pd synthesized by NaBH 4 reduction is well dispersed on the support with particle size of 5-10 nm as shown in Fig. 3f. The Pd size of Pd/PANI/AO-MWCNT-NaBH 4 is quite similar to that in our previous studies [25] [26] [27] [28] [29] [30] . The observed decay in current density of formic acid oxidation, during subsequent CV cycles, may be caused by Pd dissolution at high potentials. The other possibility is that the Pd can be contaminated by impurities contained in the composite. On the basis of our previous results [25] [26] [27] [28] [29] [30] , it may be suggested that this deactivation is caused by impurities presented on the samples after catalysts preparation. In this study, one of such impurities may be aniline adsorbed on the support during polymerization, and then it may spill over to the surface of Pd particles during the electrochemical tests. A proper heat treatment under Synthesis and Characterization of PANI-MWCNTs Supported Nano Hybrid Electrocatalysts 6 wt.% Pd as determined by ICP-OES. In low pH preparation conditions, it is difficult to deposit Pd on surface of PANI modified MWCNTs. But in alkaline conditions, the amount of Pd deposited is close to the nominal value designed as 20 wt.%.
The last two rows in Table 1 show the CV results: the maximum current density of the 20th cycle and the corresponding potential of Pd/PANI/AO-MWCNTs in photosynthesis in pH 1 to 12. The peak associated to the Pd catalyzed formic acid oxidation is often at 0.3~0.6 V. In Table 1 , it's observed that the Pd/PANI/AO-MWCNTs synthesized in alkaline conditions show the better activity of formic acid electro oxidation because the Pd particles are smaller. The high current density (131 mA/mg) for the sample synthesized at pH = 1 could be caused by higher conductivity of PANI obtained under these conditions. The better electro catalytic performance of the Pd particle produced at high pH preparing conditions is consistent with their smaller particle sizes. Pd/PANI/AO-MWCNTs photosynthesized at pH value 9 have small Pd particle size and simultaneously deprotonation of PANI is not observed, which explains the best electrocatalytic performance of this composite. Fig. 5 shows the electrochemical impedance spectroscopy of the Pd catalysts prepared in different pH conditions. The plot can show the resistance of the material in a specific electrochemical condition. At pH 2 during synthesis, the hybrid catalysts have resistance Fig. 4 . ** In pH 3, the particles aggregate seriously and the average size cannot be evaluated. 
Conclusions
PANI modified AO-MWCNTs composites have been prepared successfully by chemical procedure. In the case of PANI/AO-MWCNTs composite with weight ratio 50:50, PANI is deposited homogeneously with thickness 4-9 nm on the surface of acid treated MWCNTs. The coating improved conductivity of AO-MWCNTs by electrical bridging modification of the defects caused by their nitric acid pretreatment. NaBH 4 used to reduction of Pd precursor may partly decrease PANI conductivity. The photosynthesis process is a better method to produce Pd/PANI/AO-MWCNTs. By adjusting pH to 9, during preparation of Pd/PANI/AO-MWCNTs, small Pd particles are formed and PANI is not deprotonated, which explains its high activity in formic acid electro oxidation. During the formic acid electro oxidation, electrons can pass easier through the surface of conductive polymer coated AO-MWCNTs and are not being trapped by defects of AO-MWCNTs. Using X-ray irradiation and applying proper pH conditions it was possible to produce Pd-based catalysts on PANI modified AO-MWCNTs as innovated novel electrocatalysts for DFAFCs.
